Abstract-We discuss mode-locking of low-gain solid-state lasers using a semiconductor saturable Bragg reflector structure. This recently developed low-loss mode-locking device consists of a single quantum well which acts as a saturable absorber incorporated into a high-reflectivity Bragg mirror. Highly stable mode-locking in solid-state lasers results from an ultrafast transient reflectivity in the device that is caused by saturation of the excitonic absorption in near-resonant conditions.
Abstract-We discuss mode-locking of low-gain solid-state lasers using a semiconductor saturable Bragg reflector structure. This recently developed low-loss mode-locking device consists of a single quantum well which acts as a saturable absorber incorporated into a high-reflectivity Bragg mirror. Highly stable mode-locking in solid-state lasers results from an ultrafast transient reflectivity in the device that is caused by saturation of the excitonic absorption in near-resonant conditions.
I. INTRODUCTION

U
LTRASHORT PULSE generation has been demonstrated with a variety of solid-state laser materials, such as Ti:sapphire, Nd:YLF, Nd:YAG, Yb:YAG, Cr 4+ :YAG, Cr:LiSAF, Cr:LiCAF, Cr:LiSGAF, etc. [1] - [14] . These laser materials have broad gain and absorption spectra that give spectral tunability and flexibility in the choice of the pump wavelength. In some cases, the crystal has an absorption band in the spectral region where high-power diode lasers are commercially available. Direct diode pumping of solidstate laser gain media is attractive because it allows us to build compact cavities with improved noise characteristics and higher electrical to optical conversion efficiency.
Ultrashort pulse generation with these laser materials is attractive because, in general, they have a broad gain spectra. However, their relatively small gain cross section makes them very sensitive to losses in the cavity [1] , [15] , [16] . The problem of low gain becomes more serious when they are pumped by laser diodes. High-power diode lasers generally have large area and low brightness, which reduces the coupling efficiency of the pump power into the single mode intracavity field. The uncoupled pump light is absorbed by the laser crystal and its only contribution is to increase the crystal temperature. In the case of fluoride-based solid-state gain media (such as Cr:LiSAF, Cr:LiCAF, Cr:LiSCAF, and Cr:LiSGAF) this represents an additional problem because they have a relatively low thermal conductivity and a strong reduction in quantum efficiency with increasing temperature [17] . Therefore, to obtain the highest conversion efficiency from CW pump power to mode-locked power, it is necessary to design a laser that minimizes overall loss, including the mode-locking element, and maximizes pump efficiency.
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Mode-locking of solid-state lasers has been demonstrated with several techniques. The shortest pulses have been achieved with passive mode-locking techniques such as additive pulse mode-locking (APM) [18] , Kerr lens modelocking (KLM) [1] and mode-locking with semiconductor saturable absorbers [2] , [6] , [10] , [11] , [19] , [20] .
KLM was first observed in Ti:sapphire, and pulses as short as 8 fs [1] have been generated directly from the laser resonator. Exploiting the nonlinear refractive index change of an intracavity component of the laser, KLM creates an instantaneous intensity dependent lens-like effect that in conjunction with an aperture is similar to the action of a fast saturable absorber. KLM is based on an intensity-dependent change in overlap of the pump and cavity modes, which is generally a very small effect and rather alignment-sensitive. In addition, it is not usually self-starting.
Semiconductor saturable absorbers have been used to obtain self-starting ultrashort optical pulses in solid-state lasers. The use of semiconductor saturable absorbers to mode-lock lasers is attractive because they are inexpensive and compact, can be designed to operate in a wide spectral range, are relatively alignment-insensitive, have fast response time, and they can produce relatively large nonlinear reflectivity changes. Ultrashort optical pulses have been obtained with techniques such as the coupled-cavity resonant passive mode-locking (RPM) [2] , the antiresonant Fabry-Perot saturable absorber (A-FPSA) [20] and by using an intracavity anti-reflection coated multiple quantum well structure on top of a silver mirror [19] . Each one of these mode-locking techniques uses a distinct semiconductor structure design with particular modelocking properties.
Recently, we showed that a saturable Bragg reflector (SBR) structure can mode-lock a diode-pumped Cr:LiSAF laser without introducing significant loss, and produce self-starting 100-fs pulses with an average power of 42 mW using a single 0.5-W 670-nm pump diode with aperture of 1 250 m [12] . One remarkable feature in the design of this new low-loss semiconductor device is that it uses only a single quantum well (QW) to attain femtosecond mode-locking. Before this structure was proposed and its operation demonstrated [12] , the common approach to femtosecond mode-locking employed multiple quantum wells in devices that either introduced too much loss or required post-growth processing to minimize it. As in other semiconductor saturable absorbers, the SBR-modelocking mechanism is dominated by the dynamical changes that occur in the optical properties of the QW. Although the dynamics of the nonlinear optical processes that occur in a QW when it is excited close to the band edge are well understood, the manner in which the laser is mode-locked by such a transient is not yet clear.
In this paper, we present an analysis of results obtained with some SBR-mode-locked lasers and measurements performed on the SBR. Because this semiconductor device presents some distinct and advantageous features for mode-locking of solidstate lasers, we discuss and try to understand the underlying mode-locking mechanism. As it will be shown in the next sections, it is due to a nonlinear ultrafast transient in the exciton optical properties, that can be related to the exciton ionization or the ac Stark effect, or from both contributions.
We first give a general description of the SBR structure and its optical properties. Then, we show some results obtained with a SBR-mode-locked, diode-pumped Cr:LiSAF laser and an argon pumped Ti:Sapphire laser. We also compare the role of KLM and SBR-mode-locking in these solid-state lasers. Based on the operation characteristics of these lasers and on pump-probe measurements of the spectral dependence of its time response, we discuss the SBR-mode-locking mechanism.
II. SATURABLE BRAGG REFLECTOR (SBR) STRUCTURE
Semiconductor saturable absorbers structures have been proposed for several applications ranging from laser tuners, wavelength-sensitive detectors [22] and mainly to laser modelocking [2] , [19] , [21] , [23] . Resonant passive mode-locking (RPM) [2] , [24] , [25] is a coupled-cavity mode-locking technique that exploits the nonlinearity in a coupled cavity and it is based on a fast (resonant) intensity dependent absorption change of the semiconductor. Unlike the APM technique [18] , it does not require a feedback system to control the cavity length in order to guarantee stable pulse formation. Femtosecond (multiple quantum wells) [2] and picosecond (with a bulk semiconductor and short carrier lifetime) [26] mode-locking were demonstrated with RPM. In the last case, tunability over a wide spectral range ( 100 nm) was demonstrated with a Ti:sapphire laser. Later, a simpler and more compact mode-locking device was proposed and demonstrated using a semiconductor MQW saturable absorber monolithically integrated between two reflecting mirrors, which is also known as antiresonant Fabry-Perot saturable absorber (A-FPSA) [21] . Effectively, A-FPSA mode-locking is equivalent to a "monolithic" RPM and the structure can also be seen as an intracavity saturable absorber. This structure required a postgrowth TiO SiO mirror ( 95-98%) deposition on top of the semiconductor structure ( 50-90%), but it eliminated issues associated with coupled cavity length control.
Modelocking was also demonstrated with an antireflection coated semiconductor structure that consists of a MQW with a silver mirror deposited on its back [20] . This structure has a silver mirror with high reflectivity that helps to compensate for the losses introduced by the antireflection coated MQW and is used inside the laser cavity. The final structure, however, is achieved only by etching the substrate on which the MQW is grown and then evaporating the silver mirror. Despite its demonstrated capability to mode-lock solid-state lasers, this structure still introduces too much loss and limits the output power to a relatively low level.
The SBR structure ( Fig. 1) , as we show in the following sections, is much simpler and its operating principle is conceptually different from the previous ones. Its structure consists of a Bragg reflector with a single QW buried in the last growth layer. In this case, the single saturable absorber element is in the Bragg reflector strucuture, which is conceptually different than having it on top of the Bragg reflector or in a coupled cavity. An AlAs/Al Ga As quarter-wave dielectric stack is grown by molecular beam epitaxy with extreme care to minimize scattering losses due to morphology. Our mirror with 30 high-low (HL) index pairs and no quantum well exhibits a reflectivity of 99.5% at 850 nm. This Bragg reflector can be inserted into the cavity of a low-gain solidstate laser with minimal power loss. To produce the nonlinear reflectivity required for mode-locking, we insert a quantum well at a particular location in the structure. Fig. 1(a) shows such a structure with a single quantum well in the first quarter wave layer. Fig. 1(a) shows the reflectivity spectrum of the resulting saturable Bragg reflector. This monolithic device requires no processing after MBE growth, in contrast to other approaches [2] , [20] , [21] . An important characteristic of this SBR design is that we can continuously vary the effective saturation intensity of the structure by changing the position of the buried quantum well within the Bragg reflector structure. The incident and reflected light forms a standing wave pattern that penetrates into the Bragg reflector. Since the quantum well is very thin ( 10 nm) compared to the wavelength of light in the material, it can be placed anywhere relative to intensity peaks of the standing wave pattern. This field overlap determines the effective saturation intensity of the structure. If the QW is placed in the first layer, the saturation intensity is low, and conversely very high-saturation intensities can be obtained by putting the QW deep inside the structure, but the overall loss always remains small. The single 10-nm QW contributes a saturable absorption between 0 and 2%, depending on its position in the Bragg reflector. Conceptually, we refer to a SBR as a device in which a Bragg reflector is weakly perturbed by a very thin absorptive layer (i.e., a quantum well) that can be saturated.
III. DIODE-PUMPED SBR-MODE LOCKED Cr:LiSAF LASER
In this section, we present the results obtained with a diodepumped Cr:LiSAF laser mode-locked by the saturable Bragg reflector structure that we have discussed in the previous section. In Fig. 2 , we show two different pump configurations that were tested with Cr:LiSAF laser. The first [ Fig. 2(a) ] is designed for end-pumping the crystal. The cavity has a 10-cm radius-of-curvature folding mirror, a sequence of four fusedsilica prisms, a 99.5% reflectivity output coupler and the SBR at the focus of a 15-cm radius-of-curvature mirror. The 3%-doped Cr:LiSAF crystal is a flat/Brewster wedge with a mirror deposited on its flat surface. The mirror has high reflectivity at 850 nm and a high transmission at 670 nm. The pump source is a 500-mW AlGaInP laser diode (SDL Inc., SDL 7432-H1) emitting at 670 nm in a 1 250-mm stripe that is collimated (with a diode collimating lens and a cylindrical telescope) and focused onto the crystal with a spherical focusing lens ( 2.5 cm). The actual power delivered to the Cr:LiSAF crystal is 450 mW. The shape of the crystal allows us to continuously change the total length being excited by the pump beam to optimize the output power. In our case, we found that the optimum path length is 2.5 mm. The prism separation is 18.5 cm.
The total CW output power is 55 mW using a 99.5% output coupler without the prisms and SBR in the cavity. In the mode-locked regime, we obtain self-starting 100-fs pulses at 178 MHz repetition rate with 21-mW power per output beam in a TEM mode. Fig. 3 shows a typical autocorrelation trace and the corresponding mode-locked spectrum. The timebandwidth product is 0.316, indicating chirp-free hyperbolic secant pulses. When we remove the prisms from the cavity we observe picosecond self-starting mode-locking.
We have observed no damage or degradation even with intracavity average powers as high as 20-W incident on Bragg reflectors, and focused intensities as high as 30 GW/cm .
A. Scaling to Higher Output Powers
The low-loss introduced by the SBR is evident from the 42 mW of mode-locked average output power, when the CW output power was 55 mW. The Cr:LiSAF laser is extremely sensitive to intracavity loss, with a 0.5% intracavity loss causing 50% reduction in output power. This is the highest mode-locked power reported to date when pumping the Cr:LiSAF laser with only a single 0.5-W, 1 250-m aperture diode laser. Although this output power level is enough to run several applications using ultrashort pulses, some need still more power. Values higher than 100 mW is desirable, and until recently it could only be achieved with ultrafast lasers pumped by krypton or argon lasers. As demonstrated in [8] we are still far from the gain saturation level of the Cr:LiSAF and the SBR-mode-locking introduces a low and finite loss. So, in principle, we should be able to increase the output power level of the described laser. Some of the possible limitations are in the pump power level and the pump coupling efficiency. One of the problems of pumping the crystal with the wide stripe laser diode is that the divergence and astigmatism of its output beam set a limit on the dimensions of the volume created when we focus it on the laser crystal. Using a folding mirror with 10-cm radius of curvature, the cavity mode diameter at the crystal is 37 m with a confocal parameter of 2.5 mm. Therefore, to obtain efficient pump coupling we must focus the diode laser beam to comparable dimensions.
We have studied the scalability of the output power of the SBR-mode-locked Cr:LiSAF laser by pumping it with a recently available diffraction-limited 0.5 W 670 nm laser diode ( Fig. 2(b) , SDL Inc. Model #SDL 7350-A6). This laser diode, sometimes referred to as a "MOPA," or master oscillator power amplifier, is actually only a tapered stripe amplifier with a uniform phase output. Its output is collimated with an integral cylindrical telescope and is nearly diffraction-limited. For the wide stripe diode laser the measured spot size is 300 m and we estimated a confocal parameter of about 1 mm (using the described collimating optics and a lens with 5 cm focal length). For the MOPA diode laser, we estimate that the spot size has a diameter of 29 m and a confocal parameter of 1.9 mm. Comparing these numbers, it becomes clear that the diffraction-limited MOPA diode laser provides a more efficient pump coupling with the cavity mode at the Cr:LiSAF crystal, as expected. Besides, the volume excited by the focused beam of the wide stripe diode laser overfills the laser cavity mode at the gain medium resulting in wasted pump power that can further contribute to undesired thermal loading [18] .
The results of this comparison is shown in Fig. 4 . For both configurations, the pulse width (90-100 fs), spectrum width ( 10 nm) and tunability (860-870 nm) are similar, but with the MOPA laser, the output power (88 mW) is more than twice that obtained with the 1 250 m laser diode array (42 mW). Since the Cr:LiSAF cavity is the same and both diode lasers deliver the same average power, the improved performance obtained with the MOPA laser can be attributed to its beam characteristic. Therefore, the enhanced conversion efficiency obtained with the diffraction-limited beam is due to the better mode coupling, and also to the fact that the smaller spot size and longer confocal parameter help us to minimize the undesirable effect of excited state absorption [18] while preserving the gain. In addition, as the MOPA laser delivers the same average pump power as the wide stripe diode, the thermal load is not increased and the problem of fluorescence quenching [18] is avoided.
We have also used the MOPA laser to pump a -folded cavity (Fig. 5) with a Brewster/Brewster (10 mm long) 0.8% doped Cr:LiSAF crystal placed between two 10-cm radius of curvature (ROC) folding mirrors. In one arm we place the SBR at the focus of a 25-cm radius of curvature mirror and in the other, a pair of fused silica prism (65 cm apart), to control the intracavity dispersion, and a 2% output coupler. The advantage of this cavity geometry, as compared to the end-pumped geometry that we discussed above, is that the laser output is all in a single beam and the thermal load is more homogeneously distributed along the crystal, which is longer and has a lower Cr concentration. With this configuration we obtained 70-fs pulses at a repetition rate of 100 MHz with the spectrum centered around 866 nm (FWHM 18 nm), and an average output power of 100 mW. The pump power in this case was 470 mW, resulting in an optical conversion efficiency of 21%, which is close to the one obtained with the MOPA endpumped geometry. Higher output power is obtained because in this case we use only two prisms in the cavity. Thus, with a reduced intracavity loss we were able to use a higher output coupler.
IV. SATURABLE BRAGG REFLECTOR-MODE-LOCKING
AND KERR LENS MODELOCKING Recently, hard-aperture Kerr-lens mode-locking (KLM) [9] has been observed in a diode-pumped Cr:LiSAF laser [27] . In this section, we discuss the role of KLM in our SBRmode-locked laser. Hard-aperture KLM is by definition very sensitive to the cavity curvature and pump focusing and to the cavity alignment. We observe that the range of cavity parameters corresponding to stable femtosecond pulse generation is considerably greater with the SBR included in the cavity than in a KLM laser. On the other hand, gain-aperture KLM is less alignment-sensitive, but this effect should be small when pumping with a wide stripe laser diode as in the present case, since the gain volume overfills the laser mode volume. Furthermore, when we place a dielectric high reflector at the focus of M3 (Fig. 2) , we do not obtain KLM operation. Therefore, since we have no hard-aperture in the cavity, and our pump volume overfills the cavity mode, we can exclude KLM as the operable mode-locking process, and although self-phase modulation is certainly present in our laser, the dominant mode-locking dynamics are apparently those of the quantum-well saturation in the SBR.
We tested the SBR in a Ti:Sapphire laser which is operated normally in a nonself-starting pure gain-aperture KLM mode at 10-fs pulsewidth, modeled after [1] . When the SBR is used in a focusing configuration as in Fig. 6 , we obtain self-starting 90-fs pulses with a spectral shape nearly identical to that obtained with the Cr:LiSAF laser (Fig. 7) . We observe that the modelocking dynamics restrict the pulse spectrum to a region near the exciton energy. In contrast to the case in which KLM is the dominant process, wavelength tuning of the SBR-mode-locked laser is possible only within the spectral window determined by the reflectivity change of the SBR. In this case the 90-fs pulses were obtained with a prism separation optimized for the pure-KLM mode-locked 10-fs pulses and the measured time-bandwidth product of 0.52 clearly shows that the 90-fs pulses are not transform limited. With the spectral bandwidth limit imposed by the SBR, further pulse compression should be possible only by adjustment of the cavity dispersion.
In Fig. 8 , we show the results of a systematic study performed with the Ti:sapphire laser without focusing the beam on the SBR. In Fig. 8(a) , we have the typical interferometric autocorrelation and spectrum of the pulses from the 14-fs Kerr lens mode-locked laser. In this operation mode, the dielectric mirror reflectivity spectrum is wider than the broadband modelocked spectrum and the pulse formation is not self starting. Without changing the other mirrors from the laser cavity, we replace the high-reflectivity dielectric mirror at the end of the arm without prisms with a pure semiconductor Bragg reflector (without any QW). The reflectivity of the Bragg reflector is 99.5% and it is placed at the same position of the removed mirror to insure that the cavity curvature is not altered. With this configuration we obtained non self-starting 20-fs pulses with a spectrum that is limited by the Bragg mirror reflectivity spectrum [ Fig. 8(b) ]. The observed behavior is expected since we have just replaced one broadband dielectric mirror with another one with narrower bandwidth. Ultrashort pulse generation is still due to KLM, with the longer pulsewidth and corresponding narrower spectrum limited by the bandwidth of the Bragg reflector. Finally, we replace the Bragg reflector with a SBR (with a QW and exciton absorption peak centered around 850 nm) and with this configuration we obtained 25-fs pulses with the spectrum still being limited by the reflectivity spectrum of the Bragg mirror [ Fig. 8(c) ], but this time the laser is consistently self-starting. In this case, the very small saturable nonlinearity due to the SBR in an unfocused geometry is not large enough to introduce significant changes in the reflectivity, but it creates a small perturbation in the laser dynamics that is sufficient to selfstart the KLM operation [28] . The self-starting behavior of the KLM Ti:sapphire laser with a SBR (nonfocused) is observed in Fig. 9 where we have the output pulse train (monitored with a fast photodiode detector) of the laser with a chopper in the cavity. In the upper trace we have the second harmonic signal of the pulses from the output of a photomultiplier tube. We observe that mode-locking operation is always recovered during the time interval that the chopper wheel is not blocking the beam path, demonstrating that It results from the SBR action and not from a spurious or accidental event.
In all the configurations of the KLM Ti:sapphire laser (dielectric mirror, BR or SBR, with no focusing), the dominant role played by the self focusing effect results in a much stronger self-phase modulation. The large broadening of the pulse spectrum, which fills the whole mirror bandwidth, is a clear indication of that. On the other hand, in the Ti:sapphire laser with a focused beam on the SBR, the self-phase modulation contribution is smaller than in the previous case since the pulse duration is longer much longer (90 fs). The pulse spectrum is localized around the exciton peak and is narrower than the mirror bandwidth, characterizing that the dynamics of the SBR saturable absorption is playing a major role in the mode-locking process.
These results show that the presence of the QW alters the laser dynamics in two distinct operation regimes that are determined by the focused intensity on the SBR. In the first case, focusing of the laser beam on the SBR results in a high-intensity field that strongly alters the quantum-well properties. The passive mode-locking mechanism is dictated by the quantum-well dynamics. In the other regime, without focusing, the intensity on the SBR is low and not sufficient to significantly affect the QW optical properties, so the nonlinear changes from the Kerr lens effect dominate. We have thus been able to cleanly separate quantum-well passive mode-locking from KLM in an intracavity experiment.
V. DISCUSSION
A. Time-Resolved Nonlinear Reflectivity of Saturable Bragg Reflector
We observed that when we use a pure Bragg reflector (i.e., samples with no quantum wells) at the focus of the curved mirror (Fig. 2) only CW operation was achieved. When we inserted a Lyot filter in the cavity we observed a CW tuning range that covers the whole spectrum allowed by the Bragg mirror reflectivity. When we use a SBR we observe two different regimes of mode-locking operation (Fig. 10) . At wavelengths longer than that corresponding to the exciton resonance, picosecond pulses are generated. Above and close to the exciton resonance wavelength peak, stable femtosecond operation is achieved. Therefore, we can conclude that the mode-locking process is associated to the presence of the QW. When we tune the laser to operate at a wavelength shorter than the exciton wavelength peak, we observe that, for the diode-pumped Cr:LiSAF laser the loss introduced by the QW prevents the laser to operate, and for the Ti:sapphire laser only CW or picosecond pulses are observed. The first conclusion from this observation is that mode-locking is directly related to the presence of the QW and that femtosecond pulses are obtained at wavelengths that are slightly above the exciton absorption peak. The question that arises from these observations is how the dynamics of the changes suffered by the QW relates to the mode-locking mechanism.
Passive mode-locking with saturable absorbers is generally described in two pictures. The first one is based on a mechanism that combines the action of a slow gain saturation and a slow saturable absorber. This concept was first utilized with an ultrafast dye laser and requires that both media have comparable relaxation times. In general, this picture does not apply for the solid-state lasers gain media because they have a saturation fluence that is normally much larger than the typical intracavity pulse energy densities. For our case, the parameters values for the Cr:LiSAF are 0.5 10 cm and 67 s and for the Ti:sapphire, 4.0 10 cm and 3.2 s [29] . In either case, gain saturation is minimal, and the typical response time of a semiconductor saturable absorber is much faster than the fluorescence lifetime. Therefore, this model is not adequate to explain the mode-locking mechanism observed in our SBR-mode-locked lasers.
The other concept of mode-locking is based on a fast saturable absorber action, that creates a window of net gain with a response time that is on the order of the pulse duration. In order to investigate if this model could be applied to our case, we measured the response time of the SBR samples outside the laser cavity. With a Ti:sapphire laser and a conventional noncollinear pump-probe setup, we measured the time dependence of the reflectivity changes in our samples. The results are shown in Fig. 10 , where each curve corresponds to a different laser tuning. The vertical axis represents an estimated reflectivity change , as calibrated measurements were not available. The pump and probe spectra are identical and the average power of the probe beam was 1/200 of the pump. The beams were focused with a 10-cm focal length lens so that the resulting pump intensity on the sample is as close as possible to that experienced by the sample in the laser cavity ( 30 GW/cm ).
We observe that the time response of the SBR sample studied has a fast and a slow component. The ratio of the amplitudes from both components also changes relative to the excitation wavelength. As we excite the sample below the exciton absorption wavelength peak, the amplitude profile of the time response curve is dominated by the slow component contribution. At wavelengths above and close to the exciton absorption peak, the amplitude of the fast component contribution becomes more pronounced. Its relative contribution is maximum at a pump wavelength around 866 nm, which is exactly the wavelength where the spectrum of the SBR-modelocked Cr:LiSAF laser is centered. Above 870 nm the amplitude of the reflectivity change of the SBR is reduced as a whole and we saw that in this spectral range only picosecond pulses are generated. The traditional concept of mode-locking with a fast saturable absorber requires that its response time is shorter or on the order of the pulse duration. Opposite to what is required in this model, the presence of a slow component in the time response of the SBR structure would create a window of net gain that remains opened after the pulse is gone. This condition would allow for the growth of noise on the wings of the pulse and impose a limit on the duration of the generated pulses. However, as shown conceptually in Fig. 11 , if we consider that the gain level is above the loss introduced by the QW only during the fast recovery interval of the temporal response curve of the SBR, we obtain an ultrafast window of net gain that is seen only by the pulse. During the slow recovery part of the absorption, the loss is higher than the gain level and the pulse does not experience any gain.
The ultrafast dynamics of the quantum-well saturation is controlled by exciton ionization at low density [30] or more generally, carrier heating at high densities. These nonlinear effects have a typical decay time constant of a few hundreds femtoseconds. In the present case, since the single QW is in the first layer of the Bragg reflector, it is exposed to essentially the entire intracavity intensity ( 30 GW/cm ). In this intensity regime, the near-resonant ac Stark effect [31] could contribute to the band edge ultrafast nonlinear response as well. The ac Stark shift has an instantaneous response, i.e., it lasts as long as the pump pulse is present. Such an ultrafast response (i.e., a partial recovery of the reflectivity within the 100-fs pulsewidth) arising from either mechanism would be sufficient to explain the mode-locking that we observe. We estimate that our SBR exhibits about 1% saturable absorption. Since the focused intensity is orders of magnitude above the exciton saturation intensity [4] , we further assume that it is completely saturated.
The slow component is a signature of the presence of real carriers in the conduction band, that might be generated by two-photon absorption effect. Because the output power of the lasers does not reduce significantly when we replace a highreflectivity dielectric mirror with a SBR sample, we conclude that the loss due to this effect is reasonably small.
Resonant excitation of the SBR at wavelengths that are reasonably below the exciton absorption peak can also result in a fast component in the time response of the sample due to the intraband carrier-carrier scattering and thermalization processes. Nevertheless, as we are exciting it resonantly, the amplitude of the slow component contribution increases, reducing the ratio between the amplitudes of the fast and slow contributions (Fig. 10) . Since real carriers relax on a longer time scale, the windows of net gain remains opened longer than the pulse duration and that explains why we observe only picosecond pulses. As we expected, when the laser is tuned to operate at energies above the exciton resonance, the SBR introduces more loss, and the output power level of the mode-locked laser also drops. Recently, using a device with a strucuture that is nearly identical to the SBR, Yanovisky et al. reported generation of femtosecond pulses in Cr:LiSGAF and Ti:sapphire lasers at wavelengths above and below the exciton resonance [13] . mode-locking above the exciton resonance is possible provided that the gain and amplitude of the fast component of the saturable absorption is just enough to create an ultrafast window of net gain. If simultaneously the cavity has significant self-phase modulation then additional pulse shaping can occur (soliton pulse shaping) and this may lead to wider tuning range. In our case, the best condition is achieved when we operate the lasers at energies slightly below the exciton resonance.
B. Temperature Tuning of SBR-Mode-Locked Lasers
A quantum-well exciton absorption peak can be temperature-tuned at a rate of 0.4 meV/ C. The wavelength dependence of the loss in a SBR is given by the absorption curve of the QW. As we heat the sample, the absorption curve (and the exciton peak) shifts to longer wavelengths and so does the SBR loss profile. In Fig. 12 , we plot this linear exciton wavelength dependence on the temperature (solid line) calculated for an SBR that is nominally set for 800 nm at room temperature. We verified this tuning behavior by heating an 800-nm SBR. For reference, superimposed to the last curve, we plot the reflectivity of the SBR sample and the position of the exciton absorption curve at room temperature and at 150 C. We monitored the output spectrum as we increased the temperature of the sample placed inside the laser cavity. We observed that at room temperature, we obtain CW operation over the range from 820 to 850 nm. As we heated the sample, we observed different regimes of mode-locking. Around 100 C, we begin to observe the onset of an unstable mode-locking that produces only picosecond pulses. At 150 C, we obtain a broadband spectrum centered around 840 nm. Slightly above that temperature, an unstable mode-locking is still observed, however, only picosecond pulses are obtained. At higher temperatures, the laser does not operate at all.
The behavior observed in this measurement is in agreement with what we expect from the model we described above. At room temperature, the exciton absorption peak is at 800 nm. As discussed before, femtosecond mode-locking should occur around 810-815 nm. However, at this wavelength region we are very close to the threshold of the gain spectrum of the Cr:LiSAF and the inherent loss introduced by the SBR structure keeps the net loss higher than the gain level. Therefore, with the increased loss introduced by the SBR and the reduced gain at wavelengths below 800 nm, the observed CW operation beginning around 820 nm up to 850 nm (edge of the Bragg mirror spectrum) makes sense. As we elevate the SBR temperature to around 100 C, the exciton absorption peak shifts to a wavelength around 815 nm and the laser operates close to the gain spectrum peak (840 nm) of the Cr:LiSAF. In this situation, the absorption changes due to the QW begins to affect the laser dynamics and as result unstable mode-locking is observed around 840 nm. At 150 C, the exciton is around 827 nm and since the gain peaks at 840 nm, there exists an ideal situation for SBR-mode-locking to occur. Thus, we observe the broadband mode-locked spectrum centered around 840 nm. Above 150 C, mode-locking becomes unstable again and eventually the laser ceases operation because the loss introduced by the QW is too high over the whole range of the reflectivity spectrum of the Bragg mirror.
C. CW Mode-Locking and -Switched Mode-Locking
In solid-state laser media with long fluorescence lifetimes and low gain, it is necessary to optimize the ratio of saturable loss to nonsaturable loss in order to minimize relaxation oscillations. The SBR structure provides the best optimization of this ratio, compared to other structures. In order to show this, we compare the output pulse train of a SBR-mode-locked diode-pumped Cr:LiSAF laser (Fig. 2) with two different samples. In Fig. 13(a) , the SBR sample has a QW buried in the top AlGaAs growth layer, and in Fig. 13(b) , the QW is placed deeper into the SBR structure (third AlGaAs layer from the top). With the first sample, the laser operates only in a femtosecond CW mode-locked regime with a stable and flat pulse train, and we are unable to obtain relaxation oscillations. When we replace it with the second sample, we obtain a -switched-mode-locked pulse train, and we are unable to eliminate the relaxation oscillations.
The explanation for such behavior is in the effective saturation of the absorber. As we mentioned previously, the field overlap with the QW in the standing wave pattern that penetrates into the Bragg reflector determines the effective saturation intensity of the structure. In the case where the QW is close to the surface of the SBR [ Fig. 1(a) ], the field intensity is very high ( 30 GW/cm ) and the absorber is completely saturated. In the second case, the field intensity is lower and saturation of the cavity loss introduced by the quantum well is less effective. Besides, it is important to note that for both SBR samples, the overall non saturated loss always remains small, since we use only high-temperature epitaxy in the SBR growth. Therefore, the effective saturation of the loss introduced by the QW is important to determine a stable CW passive mode-locking without -switching.
In Fig. 14 , we show the RF spectrum of the pulses from the SBR-mode-locked diode-pumped Cr:LiSAF that are monitored with a fast photodetector. In this case, we used a SBR sample with the QW in the top layer. We observe that the amplitude of the relaxation oscillation sidebands are more than 60 dB below that of the fundamental frequency of the mode-locked pulses. The relative amplitude between the relaxation oscillation-noise side bands and the fundamental repetition rate frequency peak give us a quantitative evaluation of the supression ofswitching and the CW mode-locking stability. Therefore, we can conclude that SBR-mode-locking is very robust against -switching and the output of the laser presents an improved noise characteristic.
VI. CONCLUSION
We have demonstrated and analyzed self-starting femtosecond mode-locking of Cr:LiSAF and Ti:sapphire solid-state lasers with a SBR structure in different conditions. From the experimental evidence, we conclude that the mode-locking mechanism is associated with a fast nonlinear transient in the reflectivity of the SBR that in turn due to a combined contribution from exciton ionization and ac Stark effect. Both effects appear when the exciton is excited above or at the wavelength of the corresponding resonance peak and under high-field intensity conditions. This last characteristic and the reduced loss introduced by the QW gives a high-damage threshold and a robust CW mode-locking with low noise that are optimal for mode-locking of solid-state lasers. We also investigated the role of KLM in these lasers and demonstrated that the SBR-mode-locking occurs only in certain conditions and has very distinct characteristics from KLM. We have shown that SBR can be used to self-start KLM when it is used in the laser cavity under low intensity excitation.
As demonstrated in [7] , by changing the semiconductor materials and growth parameters it is possible to extend the use of the SBR to other wavelengths [7] . Furthermore, by placing the quantum well in different positions, specific saturation functions can be engineered. The SBR structure requires no post-growth processing.
